a r t i c l e s Proton-translocating ATPases (H + -ATPases) are rotary enzymes that couple proton (or Na + ) translocation across membranes with ATP synthesis or hydrolysis [1] [2] [3] [4] . There are three evolutionarily related subtypes of these protein complexes that are categorized as F-, V-and A-type ATPases on the basis of their function and taxonomic origin. F-type ATPases, better known as F 1 F o ATP synthases, use energy from proton translocation across an electrochemical gradient to synthesize ATP 3 . In contrast, vacuolar or V-type ATPases work in reverse by actively pumping protons through membranes using energy derived from ATP hydrolysis 1 . Although eukaryotes contain both F-and V-ATPases, each highly specialized in its physiological function, archaea and eubacteria typically contain only one complex. Most eubacteria contain F-ATPases, but some eubacteria and all known archaea contain complexes that are evolutionary closer to V-ATPases and are referred to as A-ATPases/synthases. Although these complexes are simpler in subunit composition than their eukaryotic counterparts are, they are functionally more versatile, as they are able to operate in either direction 5, 6 . The overall architecture of all H + -ATPases is conserved and includes a water-soluble ATPase-active F 1 , V 1 or A 1 domain and a membrane-bound proton-translocating F o , V o or A o domain 1,3,7 . The T. thermophilus A 1 domain is composed of a head group that contains a trimer of nucleotide-binding A-B dimers and a central stalk composed of subunits C, D and F 8-10 . The proton-translocating A o domain contains a ring of L proteolipids and a single copy of the amphipathic subunit I that is located adjacent to the ring, thus forming the proton path 11 (Fig. 1a) . ATP synthesis and hydrolysis are coupled to proton translocation via the rotation of the central stalk and L-ring relative to the nucleotide-binding domain and subunit I. However, an additional stator component is required to counteract the rotation of the nucleotide-binding domain during ATP synthesis and subunit I during hydrolysis. This essential component, known as the peripheral stalk or stator stalk, is composed of subunits E and G in A-ATPases and links the nucleotide-binding domain to subunit I (refs. 12-14; Fig. 1) .
the rotation of the nucleotide-binding domain during ATP synthesis and subunit I during hydrolysis. This essential component, known as the peripheral stalk or stator stalk, is composed of subunits E and G in A-ATPases and links the nucleotide-binding domain to subunit I (refs. 12-14; Fig. 1 ).
Despite its central role in all H + -ATPases, the peripheral stalk is the least conserved component of these complexes, and EM and MS have revealed distinct configurations in different H + -ATPase subtypes. In F-type ATP synthase, there is only one peripheral stalk [15] [16] [17] [18] [19] , whereas A-and V-ATPases display two and three peripheral stalks, respectively, each made of an E-G heterodimer [11] [12] [13] [20] [21] [22] [23] [24] .
The high-resolution structure of the mitochondrial F-type ATP synthase single peripheral stalk complex consisting of subunits b, F 6 and d 25 and the NMR structure of the oligomycin sensitivityconferring protein 26 have been determined. However, these subunits show little to no sequence homology to either A-or V-type peripheral stalk subunits, for which only the structure of the C-terminal domain of Pyrococcus horikoshii subunit E 27 is known.
We have solved the crystal structure of the complete peripheral stalk complex formed by subunits E and G from T. thermophilus at 3.1 Å resolution and have fitted our structure into the 23 Å resolution EM density of intact T. thermophilus A-ATPase along with other known high-resolution structures. This has provided the most complete composite model of any A-or V-ATPase so far to our knowledge and has revealed several functionally important features of these complexes.
First, as in the central stalk, coiling in the peripheral stalk suggests that it provides a second avenue for these types of H + -ATPases to store transient elastic energy. Second, heterodimerization of the peripheral stalk allows each subunit to have distinct roles, in which subunit E mediates the interaction with the nucleotide-binding a r t i c l e s domain and subunit G strengthens the peripheral stalk. Third, unlike the central stalk, the peripheral stalk is a right-handed coiled coil (RHCC), which places subunit G in a mechanically robust position to act as an obstruction and prevent bowing of subunit E during ATP synthesis, hence increasing the lateral rigidity of the peripheral stalk. Finally, the two peripheral stalks in A-ATPases appear to be in different conformations in the intact A-ATPase density, supporting proposed models of conformational flexibility in the stator subunits. This is further corroborated by conformational differences between the C-terminal domains of the T. thermophilus and P. horikoshii 27 E subunits that highlight the potential of an interdomain loop region to act as a hinge.
RESULTS

Overall structure of the E-G heterodimer
Subunits E and G assemble into an elongated heterodimeric complex ( Fig. 2 and Supplementary Fig. 1 ). Both subunits have a peculiar, highly repetitive sequence that is enriched for the amino acids alanine (21%), leucine (15%), glutamate (18%) and arginine (10%). The structure of the heterodimer reveals how these create a strong surface complementarity between the E and G subunits. The leucine and alanine residues form the majority of a large hydrophobic subunit interface (2,560 Å 2 ; Fig. 3c) . The glutamate and arginine residues form part of a charged, solvent-exposed surface, as well as at least ten intersubunit salt bridges that act to further stabilize the heterodimer.
The heterodimer contains two distinct domains, a 140 Å long RHCC and a globular head group (Fig. 2) . The coiled coil is formed by the long N-terminal helices from both subunits that are staggered, with residue Ser2 from chain E being roughly aligned with residue Ser25 from chain G, which is well defined in the electron density from residue Gly21 (Supplementary Fig. 2 ). Although this suggests that subunit G may extend beyond the RHCC, N-terminal sequencing and MS of the intact T. thermophilus A-ATPase indicates that subunit G is N-terminally truncated by 17 residues 11, 13 , which suggests that the structure is an almost complete representation of the peripheral stalk. The C-terminal half of subunit E (Leu94-Gly188) forms the majority of the head group and consists of a globular domain, which contains a four-stranded β-sheet and two α-helices followed by a C-terminal α-helical tail. Subunit G is entirely α-helical with a long N-terminal helix and a short C-terminal helix that are separated by a sharp kink at Arg106, which changes the helical axis by approximately 50°. This short helix is packed tightly against the long helix and C-terminal tail of subunit E, with extensive hydrophobic contacts, and constitutes the remainder of the head group. In subunit E, the beginning of the globular domain is marked by a loop containing three proline residues (Pro95, Pro98 and Pro101; Fig. 2 ). This loop and the kink in subunit G seem to be two flexible joints that tether the head group to the coiled coil, perhaps indicative of a hinge that could facilitate movement of the head group.
Indeed, the crystal structure of the C-terminal half of subunit E from P. horikoshii, containing residues Glu81-Glu198 (with 24% a r t i c l e s sequence identity to T. thermophilus; PDB 2DMA) 27 , has a similar fold, with the central β-sheet and helix 2 aligning well (Fig. 4) . However, the relative angle between the N-terminal helical axis and the globular domain is much sharper in P. horikoshii (~60°) than in T. thermophilus (~90°). Although this angle is clearly dependent on the hydrophobic interactions with the small helix in subunit G, the conformational difference corroborates the potential of the three-proline loop to act as a hinge. A further difference between the two structures is in their C-terminal α-helical tails. Both helices contain a kink, which is much sharper in the T. thermophilus structure, presumably induced by the contact with the short helix of subunit G (Fig. 4) .
Structure of the coiled-coil domain
The coiled coil of E-G exhibits some structural properties that have not previously been observed. Coiled coils are typically left-handed (LHCC), and their fold is dictated by the heptad repeat (a-b-c-d-ef-g) n , with hydrophobic residues at positions a and d that lie at the interface between the two helices 28 . Less commonly found are RHCCs that display either an 11-residue (hendecad) repeat or a 15-residue (quindecad) repeat with hydrophobic residues at (a-d-e-h) or (a-de-h-l), respectively. So far there are only two other crystal structures of naturally occurring RHCCs, one made from a hendecad 29 and the other made from a quindecad repeat 30 . Both of those structures form homotetramers, and the E-G heterodimer is the first heteromeric RHCC structure, to our knowledge. A consequence of the heteromer is that unlike previously observed RHCC structures, the coiling of each helix is not shared equally between the two chains. Although the N-terminal helix of subunit E (Ser2-Ala93; 138 Å) is almost straight, subunit G is wrapped around subunit E in a right-handed fashion (Fig. 2) . Furthermore, the RHCC in the E-G heterodimer contains both a hendecad repeat and a quindecad repeat and this is reflected in its structure (Fig. 3) . On the basis of the periodicity of hydrophobic residues, the pitch of an ideal RHCC with a hendecad repeat is very large, at around +55 nm, leading to structures that seem essentially straight [29] [30] [31] . In contrast, the pitch of an ideal RHCC with a 15-residue repeat is similar in magnitude to that of an LHCC, but in the reverse direction, at around +18.5 nm (ref. 30) . The RHCC in the E-G structure is formed from a hendecad repeat at the N terminus of both subunits, resulting in a pitch of approximately +45 nm, as calculated by the coiled-coil analysis software TWISTER 32 . However, the hendecad repeat in subunit G changes to a quindecad repeat at residue Ala66, and the pitch of the RHCC consequently tightens to around +15 nm toward the C terminus ( Fig. 3) . This tighter coiling toward the C terminus is further accentuated by the kink in subunit G, which brings the C terminus to the opposite side of subunit E relative to the N terminus ( Fig. 2) . The long helix in subunit E is considerably straighter than subunit G and contains two breaks in its hendecad repeat that are known as stutters and that allow subunit G to coil around it (Fig. 3) . Interestingly, all H + -ATPases/synthases use an LHCC in the central stalk, which is thought to store transient elastic energy during the rotary catalytic cycle 10, [33] [34] [35] . The E-G structure is the first experimental evidence to our knowledge of right-handed coiling in the peripheral stalk, which establishes the intriguing phenomenon of opposite coiling in the central and peripheral stalks. This phenomenon has been predicted previously from bacterial F-type ATP synthases on the basis of conserved hendecad repeats in the homodimeric peripheral stalk subunit b 36 . The presence of opposite coiling in different H + -ATPase subtypes suggests that this opposite coiling may be a conserved feature among most subtypes of H + -ATPases. To further investigate this, we searched for hydrophobic periodicities in the first 100 residues of the E and G subunits of a selection of A and V-type ATPases, using Fourier analysis as previously described 37 . As expected, both subunits E and G from A-ATPases exhibit a single clear peak at a periodicity of 3.66 and 3.75, which is indicative of a hendecad RHCC Figure 3 Hydrophobic repeats forming the RHCC interface between subunits E and G. (a,b) The sequences of subunit E (a) and subunit G (b), formatted to highlight the hendecad and quindecad hydrophobic repeats that mediate the interaction between the two subunits. Residues at the intersubunit interface are highlighted in yellow; residues that form intersubunit hydrogen bonds or salt bridges are in red. Purple highlighting of Arg106 marks the position of the kink in chain G. (c) Surface representation of the E-G dimer with subunit E in blue, subunit G in green and residues at the intersubunit interface in yellow. Below, regions of the RHCC with a hendecad and quindecad repeat in subunit G. horikoshii subunit E C-terminal domain and T. thermophilus subunit E. The C-terminal domain of subunit E from P. horikoshii (PDB 2DMA) 27 is presented in yellow to red from N to C terminus; T. thermophilus subunit E is presented in dark blue to light blue from N to C terminus; and T. thermophilus subunit G is green. Top left, location of the three-proline loop of T. thermophilus subunit E, which forms a 90° bend between helices 1 and 2, whereas the angle between P. horikoshii helices 1 and 2 is closer to 60°. Bottom left, Arg106, which forms a 50° kink in subunit G. a r t i c l e s with three hydrophobic repeats (11 / 3) and a quindecad RHCC with four hydrophobic repeats (15 / 4), respectively ( Supplementary  Fig. 3 ). Remarkably, eukaryotic V-type ATPase subunits E and G exhibit the same periodicity as their archaeal counterparts ( Supplementary  Fig. 3 ) and, notably, there is no prominent peak at a periodicity of 3.5, as would be expected for a LHCC with a heptad repeat containing two hydrophobic side chains (7 / 2). Thus, the peripheral stalks of eukaryotic V-ATPases indeed seem to be RHCCs, which suggests that the opposite coiling of the peripheral and central stalks is also important in proton pumping.
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Docking of E-G complex into the EM density of intact A-ATPase
EM and MS studies of intact A-ATPases have demonstrated that there are two peripheral stalks per A-ATPase complex, each composed of one E-G heterodimer [11] [12] [13] [14] [20] [21] [22] [23] 38 . Known high-resolution structures of A-ATPase subunits or their homologs have been fitted into the 23 Å EM reconstruction of intact T. thermophilus A-ATPase 9-11,39 to generate partial composite models of the complete complex. Recently, the X-ray structure of the A 1 domain of A-ATPase from the same organism was elucidated 10 . Fitting of this complex into the EM density in place of individually fitted homologs created a more applicable composite model. Further, by matching prominent asymmetric features between the X-ray structure and the EM density, we were able to confidently determine the correct handedness of the EM density that is consistent with the experimentally determined handedness of eukaryotic V-ATPase 20 . The remaining density identified the shape and position of the structurally unknown stator components, consisting of subunits E and G, as well as the amphipathic subunit I, which contains a transmembrane domain that forms the ion channel and a soluble domain (I sol ) that cross-links the two peripheral stalks (Fig. 1a) .
Despite having no equivalent in A-ATPases, the eukaryotic V-ATPase subunit Vma5p is functionally equivalent to I sol , as it crosslinks peripheral stalks two and three of the three peripheral stalks in V-ATPases 20 . Peripheral stalks one and two in V-ATPases are crosslinked by the eukaryotic homolog of subunit I. Both small-angle X-ray scattering and EM 11, 20, 40 indicate that Vma5p and I sol have similar dumbbell-shaped structures. Although they show no detectable sequence homology, docking of the crystal structure of Vma5p 41 into the EM density illustrates a remarkable consistency in shape and dimensions at the expected position of subunit I sol (Fig. 5) .
The residual EM density highlights the position of two peripheral stalks, which are attached asymmetrically to the complex such that one binds to the B subunit directly above the ion channel (proximal) and the other binds to the B subunit on the adjacent A-B dimer (distal) [11] [12] [13] [14] 38, 39, 42 (Fig. 1a) . The coiled coil of E-G is consistent with the rod-shaped density that extends from I sol to the top of subunit B, where there is a mass of density corresponding to the globular head group. Thus, in the intact complex, the peripheral stalks are oriented with their C-terminal head groups above the nucleotidebinding domain pointing toward each other and the N terminus of the RHCC in contact with I sol (Fig. 5) . In this orientation, the interface between the peripheral stalk and the nucleotide-binding domain (Fig. 1a) consists mainly of subunit E, which forms a concave surface that complements the size and shape of subunit B (Fig. 5d) . This is consistent with previous cross-linking studies in yeast, which indicated that the residue equivalent to yeast Lys45 (T. thermophilus Lys25) is in contact with subunit E 43 . Residue Lys25 is situated at the top of subunit B in close proximity to subunit E (Fig. 5d,e) .
Surprisingly, docking of the peripheral stalks highlighted differences in the EM density between the proximal and distal stalks. There is significant surface correlation between the EM density of the distal peripheral stalk and the entire crystal structure of the E-G a r t i c l e s heterodimer (Fig. 5) . However, although there is also reasonable complementarity between the long helices of the E-G heterodimer and the EM density in the proximal stalk, the density deviates from the structure toward the globular domain (Fig. 5b,f) .
DISCUSSION
This study has provided the most complete composite model of any A-or V-ATPase so far and the first glimpse of a heterodimeric RHCC structure, to our knowledge. In addition, it constitutes direct experimental evidence of right-handed coiling of the peripheral stalk in H + -ATPases and extends the prediction of RHCCs in the peripheral stalks of bacterial F-type ATP synthases to A-and V-ATPases, which suggests that opposite coiling in the central and peripheral stalks may be a conserved feature in most subtypes of H + -ATPases. This, as proposed earlier, might provide a second avenue for the storage of transient elastic energy during the rotary catalytic cycle 36 . Docking of the E-G heterodimer into the EM density revealed the structural orientation of the peripheral stalk, which indicated that subunit E but not subunit G functions to tether the peripheral stalk to the A 3 B 3 nucleotide-binding domain (Fig. 5) . This has important implications for right-handed coiling of the peripheral stalk, at least during ATP synthesis, during which the central stalk rotates counter-clockwise when viewed from above. A consequence of the right-handed coiling of the peripheral stalks is that during ATP synthesis, subunit E is driven into the short helix of subunit G (Fig. 1b) . In contrast, lefthanded coiling in the peripheral stalk would position the C terminus of subunit G on the opposite side of subunit E such that during ATP synthesis, subunit E is pulled away from subunit G. Thus, right-handed coiling puts subunit G in a mechanically superior position to act as an obstruction restricting bowing of the peripheral stalk during ATP synthesis. Interestingly, Fourier analysis of a selection of homologous sequences suggests that the peripheral stalks of eukaryotic V-ATPases also contain RHCCs (Supplementary Fig. 3 ), although during proton pumping the mechanical implications of right-handed coiling of the peripheral stalk are less clear. Unlike ATP synthesis, during which the E-G complex counteracts rotation of the A 3 B 3 nucleotide-binding domain, during proton pumping, the E-G complex counteracts rotation of subunit I relative to the proteolipid ring. Hence, subunit I rather than A 3 B 3 imposes rotational strain on the E-G complex, and the implications of the RHCC during proton pumping will depend on its interaction with I sol . However, without the structure of the E-G-I complex or equivalent complexes, the necessity of RHCCs for proton pumping remains uncertain and their presence in V-ATPases may be purely an evolutionary legacy. In contrast to the peripheral stalk of A-ATPases, the peripheral stalk of eukaryotic F-type ATP synthase does not form a RHCC. The N-terminal helix of subunit G shows limited sequence homology to the peripheral stalk subunit b from F-type ATP synthase, and similarly its soluble part forms a 160 Å long helix in the crystal structure of the mitochondrial peripheral stalk 25 . Rather than forming an RHCC, the single mitochondrial subunit b is flanked by shorter fragments of helices from subunits d and F 6 that are connected by extended loops. The C-terminal kink in subunit G is reminiscent of subunit F 6 in the bovine peripheral stalk structure, which wraps around subunit b in a right-handed fashion and may have a similar role in mechanically stabilizing subunit b. F-type ATP synthases do not have an amphipathic channel-forming subunit. Instead, the ion channel-forming subunit a is entirely integrated into the membrane. Hence, the interaction between stator and channel is very different. Although neither subunit E nor subunit G extends into the membrane, F-type ATP synthase subunit b is amphipathic and forms the membrane anchor, a role taken by the ion channel-forming amphipathic subunit I or a in A-ATPases or V-ATPases, respectively. Docking of two E-G complexes into the EM density revealed significant asymmetry in the two peripheral stalks, which suggests conformational differences in the intact complex. Several lines of evidence indicate that conformational changes in the peripheral stalks are required for the assembly of A-and V-ATPases and possibly also for their function. First, all H + -ATPases contain a set of three chemically identical B subunits or their homologs. In eukaryotic V-ATPases, these are matched with three peripheral stalks that each bind to one B subunit at the top of the complex and are linked at their bases, one pair by subunit a (equivalent to subunit I) and the other by Vma5p. As A-ATPases do not have a subunit equivalent to Vma5p, they can contain only two peripheral stalks. Thus, the E-G heterodimer does not bind to the B subunit per se, as only two of the three B subunits in A-ATPases are occupied with peripheral stalks 12, 13 . Second, although the two peripheral stalks in the complex are cross-linked by I sol , resulting in a stoichiometry of 2:2:1, in isolation the E-G-I sol complex assembles with a stoichiometry of 1:1:1 (refs. 20,40) . In the intact complex, an E-G-I sol (1:1:1) complex forms a C shape with the globular domain of E-G pointing in the same direction as I sol (Fig. 5d) . Small-angle X-ray scattering of the E-G-I sol complex 40 indicates that in isolation, the subcomplex forms a structure in which the globular head group of E-G and I sol point in different directions. Similarly, the isolated yeast E-G-Vma5p complex has a stoichiometry of 1:1:1, and small-angle X-ray-scattering experiments have shown that the globular head group of E-G does not point in the same direction as Vma5p 20, 24 . Thus, significant structural rearrangement of both the E-G-I sol complex and E-G-Vma5p complex is required for these structures to be consistent with the shape of the intact A-and VATPases. The native C shape and the binding site for the second E-G complex may form via movement in the head domain, perhaps via the three-proline hinge loop and kink in chain G described above (Fig. 2a) or through a rotation in the coiled coil domain. Finally, the inability to spontaneously form the in vivo E-G-I sol conformation suggests that the assembly processes may require a source of energy input. In support of this idea, it has been suggested that Vma5p can bind to ATP at low affinity and become phosphorylated 44 , which could lead to the conformational changes needed to trigger its binding to two peripheral stalks and into the V-ATPase complex.
When expressed alone, subunit G from several organisms can form homodimers 14, 40, 45 , and purified subunit E has the tendency to oligomerize 14, 40, 45 . Furthermore, on the basis of the crystal packing of the P. horikoshii subunit E C-terminal domain, it has been suggested that this subunit may form a homodimer in intact A-or V-ATPase 27 . This homodimer, however, cannot be fitted into the EM density of the intact A-ATPase without significantly altering the conformation of the protein, as the N-terminal helices (which are truncated in the P. horikoshii structure) would point in opposite directions, thus spanning a total length of more than 250 Å, consequently exceeding the longest dimension of the A-ATPase complex. Furthermore, when coexpressed, subunits E and G from T. thermophilus favor the formation of heterodimers over homodimers. Both subunits E and G from T. thermophilus are fragile when expressed on their own but are stable when coexpressed. The size and congruency of the intersubunit interface in the E-G structure explains the preferred formation of E-G heterodimers when both subunits are present.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
ONLINE METhODS
Purification and crystallization of soluble E-G complexes. Crystals containing the full-length G subunit diffracted poorly, and N-terminal sequencing and MS of the intact T. thermophilus A-ATPase suggested that subunit G was N-terminally truncated by 17 residues 11, 13 . Furthermore, as the truncated E-G construct contained only one methionine, residues Leu134, Leu171 and Leu178 in subunit E were mutated to methionine residues to improve the phasing power.
DNA encoding the mutated subunit E (Emmm) and truncated subunit G from T. thermophilus was cloned into the bicistronic pETDuet-1 vector (Novagen), with subunit G carrying an N-terminal six-histidine tag followed by a tobacco etch virus protease cleavage site, then were overexpressed in E. coli B834 (DE3) cells (Novagen) with selenomethionine-containing media 48 and purified as described 12 , except that 10 mM β-mercaptoethanol was added to all buffers. Overexpressing cells were lysed by multiple cycles of freezing and thawing with liquid nitrogen, and the supernatant was purified on a nickel-nitrilotriacetic acid column (GE Healthcare). Material that bound to the resin was eluted with 500 mM imidazole, and this salt was subsequently removed with a desalting column. The mixture containing the truncated Emmm-G complex was incubated with a double histidine-tagged tobacco etch virus protease protease for 16 h at 4 °C and then was passed over the nickel-nitrilotriacetic column a second time. Unbound material was collected, concentrated and passed over a 16/60 Superdex 200 column equilibrated in 20 mM Tris, pH 7.5, 100 mM NaCl and 10 mM β-mercaptoethanol. Peak fractions were pooled and concentrated to 7.5 mg ml −1 . For crystallization, sitting drops were prepared by the mixture of 2 µl protein with 2 µl mother liquor (40% (v/v) 2-methyl-2,4-pentanediol, 0.1 M cacodylate, pH 6.4, 5% (w/v) PEG 8000) in 24-well Cryschem plates (Hampton Research), followed by incubation at 18 °C.
Data collection, phasing, model building and refinement. Data used for phasing, model building and refinement were from two separate crystals that were merged together. MAD datasets (wavelengths: 0.97971 Å, 0.97957 Å and 0.95372 Å) of the two crystals (space group P2 1 twinned with apparent space group C222 1 ) were collected at APS beamline 14ID-B at 100 K, but only peak wavelength data (0.97957 Å) were used for SAD phasing. The data were processed with MOSFLM 49 , scaled and merged with SCALA 50 and phased with SHELX 51 and SHARP 52 . An atomic model was built into the resulting density using Coot 53 and was refined with REFMAC5 54 and Phenix 55 with incorporation of the twinning operator (l -k h) with a twinning fraction of 46.4% and no use of noncrystallographic symmetry restraints on the two non-crystallographic symmetry-related E-G complexes in the asymmetric unit. The r.m.s. deviation between the two non-crystallographic symmetry-related complexes is 1.2 Å. Structure validation was performed with MolProbity 56 , which gave Ramachandran statistics with 97.1% of residues in favored or allowed regions and 2.9% outliers. Data collection and refinement statistics are in Table 1 .
The refined model was manually fitted into the 23 Å EM reconstruction with PyMOL and figures were prepared with PyMOL (http://pymol.sourceforge.net).
Determination of the absolute handedness of three-dimensional EM reconstruction from T. thermophilus. Experimental efforts to determine the handedness by the random conical tilt method failed to provide an unambiguous solution. Instead, the handedness of EM reconstructions of A-ATPases have previously been derived by fitting of the asymmetric structure of the homologous bovine F 1 -ATPase coordinates into the EM density 11, 24 . However, the recently published structure of the A 1 domain revealed gross structural differences between mammalian F-type ATP synthases and A-ATPases 10, 35 . Thus, we repeated the analysis of the handedness of the EM density from T. thermophilus using the A-ATPase A 1 domain from the same organism. By matching the asymmetric features of the A 1 structure to the EM density we were able to confidently determine the absolute handedness as follows. The most striking asymmetric feature is at the base of the V 1 complex, where subunit F bulges away like a foot from the central stalk (subunit D), which itself is asymmetrically positioned. The corresponding asymmetric EM density is a strong feature that is clearly visible even at high contour levels. In the inverted handedness, the shape and size of the foot correlate well with the EM density, with over 99% of atoms within the density when contoured at 1.5 σ. In this orientation, each of the A 3 B 3 subunits is located precisely in one of the six lobes in the EM density, and the asymmetric features of the catalytic A subunits are clearly matched with asymmetric density in the corresponding lobes. Further, cross-linking studies demonstrate that Lys25, which is situated at the top of subunit B, is in close proximity to subunit E, and docking into the inverted density satisfies this restraint.
In contrast to the inverted density, it is not possible to dock the A 1 crystal structure into the original density in a manner that equally correlates to the EM density or spatial restraints from cross-linking studies. At all contour levels, there are significantly more atoms that are excluded from the EM density in the original hand. As above, we initially docked the A 1 structure via its asymmetric foot. However, the A 3 B 3 subunits did not align with the lobes in the EM density and are positioned such that the catalytic A subunits rather than the B subunits are in contact with the E-G peripheral stalk. Hence, in this orientation, the spatial restraints from the Lys25 cross-linking study are not satisfied. In addition, we attempted to fit the A 1 complex by aligning the lobes in the A 3 B 3 domain with the corresponding subunits in the crystal structure. However, the asymmetric foot as well as some of the asymmetric features in the catalytic A subunits visibly protrude from the EM density.
In summary, there is strong correlation between the asymmetric features of the crystal structure of the T. thermophilus A 1 domain and the EM density in the inverted handedness that cannot be matched in the original handedness as described 11 . This indicates that the inverted handedness is the absolute handedness of the EM density. This handedness is consistent with the absolute handedness of eukaryotic V-ATPases as determined by the random conical tilt method 20 .
